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Macroalgae (seaweeds) are renewable and inexpensive sources of food, feed, biochemicals, biomaterials, and biofuels [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . They can usually be converted into biochemicals/biomaterials by extraction and into biofuels by biochemical (alcoholic fermentation/anaerobic digestion) and thermochemical (pyrolysis/hydrothermal liquefaction) routes.
Biochar, bio-oil, and biogas can be produced by the pyrolysis of dried macroalgae. The process is usually conducted at temperatures up to 1000 o C and atmospheric pressure, in the presence of a carrier gas [1, 9, [12] [13] [14] [15] [16] [17] [18] [19] . Distribution, composition, properties, and applications of the pyrolysis products mainly depend on algal species, its composition and pre-treatment, as well as on reaction conditions (e.g., heating rate, temperature, type and flow rate of carrier gas). Slow pyrolysis (heating rates of up to 40 °C/min) of macroalgal biomass generally leads to a biochar production of 19-68% and a bio-oil yield of up to 47% [1, 9, 12, 13, 15, 17, 19] .
The bio-oil has a high content of oxygenates (e.g., phenols, ketones, aldehydes, alcohols, carboxylic acids, furans) and a low amount of hydrocarbons, resulting in a relatively low heating value (HHV of 20-30 MJ/kg) [1, 9] . It can be combusted or upgraded to obtain combustibles and chemicals.
The biochar is suitable as a renewable fuel, adsorbent, soil amender, precursor for making catalyst or activated carbon [13, 15, [20] [21] [22] [23] . Biochar characterization as well as experimental study and prediction of the effect of pyrolysis conditions on biochar yield and properties are essential for optimizing and tailoring its properties for using in appropriate applications. This paper has aimed at studying the fixed bed pyrolysis of dried and crushed algal biomass of Cystoseira barbata, a brown macroalga growing along the Romanian coast of Black Sea [24] [25] [26] , under carbon dioxide atmosphere. The effects of process independent variables, i.e., specific heat flow rate, carbon dioxide superficial velocity, and bulk bed density, on the process dynamics and final values of bed temperature, yields of pyrolysis products, and BET surface area of biochar were evaluated.
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Experimental part

Materials
Samples of Cystoseira barbata were harvested on the Romanian Black Sea shore, washed with distilled water, dried to a constant weight at 45 o C, and further crushed and sieved to mean particle sizes of 0.8 mm and 1.5 mm.
Equipment and procedure
Laboratory set-up employed for experimental study of slow pyrolysis was presented in our previous papers [27, 28] . Dried and crushed algal biomass was packed in a quartz column (5 cm internal diameter and 50 cm height). Column external wall, which was thermally insulated, was heated by an electric resistance, resulting in the heating and decomposition of vegetal material. Carbon dioxide upflowed through the fixed bed algal biomass and left the column along with the volatiles (vapour and permanent gases) obtained during the pyrolysis. The volatiles were cooled in a condenser, resulting in bio-oil and noncondensable gases. The biochar obtained in the pyrolysis process was analyzed using an ASAP 2020 Micromeritics Surface Area and Porosity Analyzer.
Experimental variables
Vegetal material mass, m, bio-oil mass, m oil , bed centre temperature, t c , and column wall temperature, t w , were continuously recorded as a function of heating time, τ. Experimental studies were conducted for 1 hr at two levels of each process factor, i.e., specific heat flow rate (P=7540, 9215 W/m 3 ), expressed as heat flow rate divided by the volume of fixed bed biomass, carbon dioxide superficial velocity (w=1.3, 2.6 cm/s), and bulk bed density (ρ=221, 332 kg/m 3 ). Low and high levels of ρ correspond to coarser (1.5 mm) and finer (0.8 mm) biomass particles, respectively. 8 tests of slow pyrolysis were carried out according to a 2 3 factorial plan (table 1) . BET surface area of biochar obtained in each experiment was also determined. 
Results and discussions
Pyrolysis experimental curves Dynamics of specific mass of algal biomass, m/m 0 , and bio-oil, m oil /m 0 , where m 0 represents the initial macroalga mass, as well as those of logarithmic mean bed temperature defined by eq. (1), t m , shown in figures 1-3, highlight the following aspects: (i) the solid mass generally increased with an increase in bulk density (ρ) and a decrease in specific heat flow rate (P), irrespective of time (τ); (ii) the production of biochar (at τ=60 min), m f /m 0 , was larger at a high level of gas superficial velocity (w); (iii) the bio-oil mass and mean bed temperature generally increased with P, irrespective of time. Moreover, the final values of specific mass of algal biomass (m f /m 0 =0.152-0.267) and bio-oil (m oilf /m 0 =0.299-0.348) were quite similar with those reported in our previous study on the slow pyrolysis of lignocellulosic biomass, i.e., sorghum stalk and leaves [29] . (1) Variation rate of volatile matter conversion, dα/dτ, where α is defined by eq. (2), depending on mean bed temperature, t m , is depicted in figure 4 . According to the data reported in the related literature, each differential curve in figure 4 has three peaks [12, 14, [16] [17] [18] [19] . Maximal values of dα/dτ, (dα/dτ) peak , and those of corresponding mean bed temperature, t m,peak , under various operation conditions are summarized in table 1. The first peak (with a maximum of 0.022-0.054 min -1 at t m,peak1 =119-164 o C) is an effect of biomass moisture removal. The second peak (with a maximum of 0.037-0.061 min -1 at t m,peak2 =288-350 o C) is due to carbohydrates decomposition, whereas the third peak (with a maximum of 0.007-0.039 min -1 at t m,peak3 =430-488 o C) is due to proteins decomposition [12, 18] . It is observed that the second peak is higher than the third, indicating a higher amount of carbohydrates. Analysis of samples of Cystoseira barbata harvested on the Romanian Black Sea shore revealed 58.1% carbohydrates, 14.1% proteins, 1% fats, and 17.6% ash [30] . (2) Biochar characterization
The values of BET surface area of biochar obtained in the pyrolysis process, S BET (m 2 /g), depending on the process factors, P, w, and ρ, are specified in table 2. Tabulated results highlight lower S BET values for higher levels of all process factors. Moreover, the values of BET surface area (S BET =45.17-91.12 m 2 /g) are consistent with those reported in the related literature [13, 15] .
Prediction of process performances
A statistical model based on a 2 3 factorial plan was used to establish the dependences between the dimensionless process factors expressed by eqs. (3)- (5) (6)- (9) was tested using the Student test [31] [32] [33] [34] . Eqs. (10)-(13), which were obtained by eliminating the non-significant coefficients, reveal that: (i) biochar yield (m f /m 0 ) increases with an increase in gas superficial velocity (x 2 ) and fixed bed density (x 3 ) as well as with a decrease in specific heat flow rate (x 1 ); (ii) final bio-oil yield (m oilf /m 0 ) increases with an increase in x 1 and x 1 x 2 x 3 interaction as well as with a decrease in x 2 ; (iii) final value of mean bed temperature (t mf ) increases with an increase in x 1 as well as with a decrease in x 2 and x 3 , the effect of x 1 being significant; (iv) BET surface areas of biochar (S BET ) are larger for lower values of all process factors and the effect of x 1 is significant. 
Conclusions
Slow pyrolysis of algal biomass of Cystoseira barbata was conducted for 1 hr under various conditions resulting in biochar (15.2-16.7%), bio-oil (29.9-34.8%), and pyrolytic gases. Carbon dioxide was employed as a sweeping gas and a reactant in the fixed bed pyrolysis. ). Final bed temperature increased significantly with specific heat flow rate resulting in an increase in bio-oil production and a decrease in that of biochar. An increase in gas superficial velocity determined lower bed temperature and bio-oil yield as well as a higher biochar yield. An increase in bulk density led to a lower bed temperature and a larger biochar amount. BET surface areas of biochar were higher for lower values of all process factors. This statistical model could be used to predict the process performance for values of process factors in the ranges considered in the experimental study.
